Abstract. Colorectal cancer is one of the most serious complications of ulcerative colitis (UC), and the risk of UCassociated neoplasia increases as the region and duration of the disease increase. Selective cyclooxygenase (COX)-2 inhibitors effectively diminish carcinogenesis in a murine UC model. However, this may exacerbate colitis. The selective COX-2 inhibitor etodolac is marketed as a racemic mixture of the R-and S-enantiomers. The biochemical and pharmacological effects of etodolac are caused by the S-enantiomer, while the R-enantiomer lacks COX-inhibitory activity. In this study, we evaluated the effect of R-etodolac on colitisrelated mouse colon tumorigenesis. The mice received 1,2-dimethlhydrazine (DMH), and then chronic colitis was induced by administration of two cycles of DSS (each cycle: 3% DSS for 7 days followed by distilled water for 14 days). The mice were sacrificed 28 days after the completion of both cycles. Mice were divided into the following groups: group A served as a disease control; group B received a low (2-mg/kg) dose of R-etodolac every 3 days during the entire period; group C received a high (10-mg/kg) dose of R-etodolac on the same schedule as group B; and group D served as a normal control. Administration of R-etodolac decreased the disease activity index during the DSS administration cycle. The mean number of tumors was 17.8, 15.2, 6.0, and 0 in groups A-D, respectively. In group C, R-etodolac significantly suppressed the occurrence of neoplasia (p<0.05). Although R-etodolac treatment did not affect COX-2 expression, it significantly enhanced expression of E-cadherin in both neoplastic lesions and background mucosa (i.e., lesionfree colon). Thus, administration of R-etodolac exerts a suppressive effect on the development of neoplasia in a murine model of DSS-induced colitis without exacerbation of the colitis. These results suggest that R-etodolac could be useful in the prevention of UC-associated neoplasia.
Introduction
Non-steroidal anti-inflammatory drugs (NSAIDs) inhibit cyclooxygenase (COX) activity and have previously been considered as promising agents for the prevention of colon tumors, based upon both epidemiological and animal model data (1) (2) (3) (4) . To date, two isoforms of COX, COX-1 and COX-2, have been identified. COX-1 is constitutively expressed in most tissues, including the gastrointestinal tract, at a relatively stable level, and plays a role in various physiological functions, such as protection of the gastrointestinal tract from injury (5, 6) . COX-2 is an inducible COX that is up-regulated in response to various stimuli, such as interleukin-1 and tumor necrosis factor (5, 6) . COX-2 contributes to the reparative process that follows mucosal injury in the gastrointestinal tract, and is thought to play an important role in abnormal cell proliferation.
Patients with ulcerative colitis (UC) exhibit an increased risk for development of cancer of the colon and rectum; this risk increases as the affected region and disease duration increase. The incidence of UC-associated dysplasia and cancer is higher than that of sporadic colorectal cancer, and the necessity of chemoprevention of UC-associated dysplasia and cancer has been acknowledged (7) . COX-2 inhibitors are known to suppress sporadic colorectal cancer, but it remains unknown whether selective COX-2 inhibitors exhibit a preventive effect in UC-associated neoplasia. Indeed, it has been widely believed that NSAIDs may trigger UC relapses and should not be given to patients with a history of inflammatory bowel disease due to the possibility of colitis exacerbation (8, 9) . In our previous study, we developed an experimental murine model of UC and evaluated the influence of a selective COX-2 inhibitor in the active and/or remission phases that mimic human UC disease phases. In that study, COX-2 inhibitor treatment during the active phase (10) . The selective COX-2 inhibitor etodolac is marketed as a racemic mixture of the R-and S-enantiomers, which are not metabolically interconvertible (11) . The biochemical and pharmacological effects of etodolac are elicited by the S-enantiomer, while the R-enantiomer lacks COX-inhibitory activity (12) . Therefore, R-etodolac has the potential advantage of avoidance of COX-2 inhibitory adverse effects. Moreover, R-etodolac has been reported to induce upregulation of E-cadherin, and has antitumor activity against hepatoma and bladder cancer cells (13, 14) . However, no reports describing any anti-tumor effects of R-etodolac in colitis-related tumors have been published. In this study, we developed an experimental murine model of longstanding UC, and evaluated the effect of R-etodolac on colitis-related mouse colon tumorigenesis.
Materials and methods
Animals. Six-week-old female BALB/c mice (CELA Japan, Tokyo, Japan) weighing 20-25 g were used in this study. The animals were maintained in an animal colony with controlled temperature (23˚C) and light (12/12-h light and dark cycle) at the Osaka Medical College, Osaka, Japan, and were permitted free access to standard mouse chow pellets (MM-3, Funabashi, Chiba, Japan) and tap water.
Protocol for induction of colorectal tumors and experimental procedures. The design for inducing colonic tumors is shown in Fig. 1 . At the age of 6 weeks, the mice were given 1,2-dimethylhydrazine (DMH; Wako Pure Chemical Industries, Osaka, Japan) at a dose of 20 mg/kg body weight subcutaneously three times within 1 week. Starting 1 week after the DMH injection, chronic colitis was induced in mice by administration of two cycles of dextran sulfate sodium (DSS; molecular weight 5000; Meitou Sangyou, Osaka, Japan) (each cycle: 3% DSS for 7 days followed by distilled water for 14 days). The mice were sacrificed 28 days after the completion of both cycles.
The mice were divided into the following groups: group A served as a disease control; group B received a low (2-mg/kg) dose of R-etodolac (kindly provided by Nippon Shinyaku Co., Ltd., Kyoto, Japan); group C received a high (10-mg/kg) dose of R-etodolac; and group D received no agents (including DSS) and served as a normal control. R-etodolac was dissolved in 100% ethanol and diluted to a suitable concentration with a 5% aqueous solution of Arabic gum. The solution of R-etodolac was given to mice by oral gavage, every 3 days during the entire experimental period (15) . After death, the entire colorectum from the colocecal junction to the anal verge was excised and rinsed in phosphatebuffered saline (PBS). The specimen was opened longitudinally and was fixed on a cork board in 10% formalin. Then, the specimen was stained with 0.2% methylene blue and colonic tumors were counted under a stereomicroscope (10, 16) . Histopathological examination was performed on paraffin-embedded sections after hematoxylin and eosin staining. Colonic mucosal dysplasia and cancer were diagnosed according to the criteria described by Riddell et al (17) .
Evaluation of severity of clinical colitis. Disease activity index (DAI) was determined in all animals during the first cycle of DSS administration by scoring body weight, stool hemocult reactivity, or presence of gross blood and stool consistency in accordance with the method described by Murthy et al (18) . This scoring method is a comprehensive functional measure that correlates well with the degree of inflammation. The individuals who examined mice and determined the DAI were blinded to the experimental group assignments.
Immunohistochemistry. Expression of COX-2 and E-cadherin in the intestinal mucosa was assessed by the labeled streptavidin-biotin method using an LSAB kit (Dako, Carpinteria, CA, USA) with microwave accentuation. Each segment was fixed in 10% formalin, embedded in paraffin wax, and cut into tissue sections of 4-mm thickness. Tissue sections were mounted on microscope slides, deparaffinized in xylene (3 x 3 min), and dehydrated with 100% ethanol. After washing with PBS, sections were placed in 10 mmol/l citrate buffer (pH 6.0) and heated to 80˚C for 10 min in a microwave oven. After washing with PBS, endogenous peroxidase activity was blocked using 0.3% hydrogen peroxide in 10% methanol for 30 min, and blocking reagent was added for 15 min. Sections were incubated at 4˚C overnight in the primary antibody (rabbit anti-COX-2 IgG: Cayman Chemical, Ann Arbor, MI, USA; rat anti-E-cadherin IgG: Invitrogen, Camarillo, CA, USA). After washing with PBS, sections were incubated with a biotinylated immunoglobulin antibody (Dako) at room temperature for 30 min. Sections were then washed in PBS and visualized using streptavidin-biotin horseradish peroxidase (Dako) and 3,3' diaminobenzidine (Dako). Finally, sections were counterstained with hematoxylin, dehydrated, and cover-slipped with permanent mounting medium for microscopic examination (10) .
Immunohistochemical evaluation. We used a scoring system to semiquantitatively evaluate immunoexpression. The colonic epithelium and stroma of each sample were evaluated for staining. Sections were examined at a magnification of x80, which allowed assessment of the staining intensity of the portion of the epithelium and stroma encompassed within the microscopic field. Subsequently, a magnification of x400 was used to score the stained epithelium and stromal cells within each segment. The scoring system was adapted from that described by Yamauchi et al (19) as follows: staining intensity (0, negative; 1, weak; 2, moderate; and 3, strong) x stained area (0, <10% of cells in the microscopic field; 1, <30% of cells; 2, 30-70% of cells; and 3, >70% of cells). The product provided scores of 0-9 for both the colonic epithelium and stroma, and scores in each region were added to provide a total staining score for which the maximum score was 18.
Analysis of COX-2 mRNA expression by reverse-transcription PCR. To evaluate COX-2 mRNA expression in the background mucosa, a small amount of intestinal tissue samples was removed from lesion-free murine colon under a stereomicroscope, frozen in liquid nitrogen, and stored at -80˚C until RNA isolation. Total RNA was extracted from tissue samples using a total RNeasy mini-Kit (Qiagen GmbH, Hilden, Germany). Reverse-transcription PCR was performed with the High Fidelity PrimeScript RT-PCR Kit (Takara Bio Inc., Shiga, Japan) according to the manufacturer's instructions. The sequences of sense and antisense primers for mouse COX-2 are 5'-ACCCCCTGCTGCCCGACA CCT-3' and 5'-CCAGCAACCCGGCCAGCAATC-3', respectively, which yields a 136-base-pair PCR product. For mouse glyceraldehyde-3-phosphate dehydrogenase (G3DPH), a constitutively expressed gene, sense and antisense primer sequences were 5'-TGAAGGTCGGTGTGAA CGGATTTGGC-3' and 5'-CATGTAGGCCATGAGGT CCACCAC-3', respectively, giving rise to a 983-base-pair PCR product. An aliquot of the reverse transcription reaction product served as a template for 35 PCR cycles consisting of 1-min denaturation at 94˚C, 0.5 min annealing at 56˚C, and 1-min extension at 72˚C in a thermal cycler. A portion of the PCR mixture was electrophoresed in a 1.5% agarose gel in Tris-EDTA-acetic acid buffer, and the gel was stained with ethidium bromide and photographed (20) .
Statistical analysis.
All results are expressed as mean ± SD. Comparisons were performed using one-way ANOVA or Kruskal-Wallis followed by Fisher's PLSD test. Statistical significance was defined as P<0.05.
Results

Changes of DAI.
Most of the mice who received 3% DSS exhibited loose and hemocult-positive stools 4 days after DSS administration. Clinical symptoms of colitis including bloody stool, diarrhea, and loss of body weight progressed further until day 8. These signs gradually disappeared during the period of drinking distilled water without DSS for the following 14 days. Accordingly, the DAI gradually increased until day 8 and then reverted to normal by day 21 as previously described (21) . Administration of R-etodolac suppressed the DAI, although not to a statistically significant degree (Fig. 2) .
Colorectal length and number of tumors. The colorectal length in groups A-D was 8.3±0.4, 7.6±0.5, 8.2±0.9, and 9.4±0.6 cm, respectively. Colorectal length was significantly shorter in all groups compared to the normal control (group D) 70 days after starting DSS administration. However, administration of R-etodolac did not significantly change the colorectal length. Although the incidence of colonic neoplasia (number of mice with neoplasms) in groups A-C was 100%, the number of tumors/mouse in groups A-C was 17.8±5.4, 15.2±4.3, and 6.0±3.7, respectively. R-etodolac administration tended to be associated with a lower number of tumors/mouse. In group C, R-etodolac significantly suppressed the occurrence of colon tumorigenesis (P<0.05 compared to group A) (Fig. 3) .
COX-2 expression. The COX-2 score of tumors in groups A-C and of normal control colon (group D) was 10.2±4.0, 11.4±2.7, 10.2±3.6, and 2.4±0.5, respectively. Although immunohistochemical evaluation showed diffuse cytoplasmic COX-2 overexpression in tumors and COX-2 scores were significantly increased in groups A-C compared to normal controls, administration of R-etodolac did not result in lower tumor COX-2 scores (Fig. 4) . Reverse-transcription PCR analysis revealed COX-2 mRNA expression in lesion-free colon in the disease control mice (group A), although it was not detected in the colons of normal control mice (group D). Up-regulation of COX-2 mRNA in the lesion-free colon was also observed in R-etodolac-treated mice (groups B and C) (Fig. 5) . These results suggested that R-etodolac administration does not influence COX-2 expression in the colon.
E-cadherin immunohistochemistry.
Immunohistochemical analysis revealed mild to moderate continuous membranous expression of E-cadherin along the lateral cell borders in normal colon epithelial cells. In contrast, dysplastic and cancer cells exhibited weak E-cadherin positivity and a decreased fraction of cells showing membranous staining compared to normal cells. These results are compatible with those of previous reports (22, 23) . Administration of R-etodolac results in remarkably increased E-cadherin expression in both tumors and lesion-free colon (Fig. 6 ). E-cadherin scores of tumors in group A-C and normal control colon in group D were 3.4±1.1, 8.8±1.6, 11.4±2.7, and 4.6±2.1, respectively. In groups B and C, the E-cadherin score was significantly higher than that in group A (P<0.05). 
Discussion
Colorectal cancer is one of the most serious complications of ulcerative colitis (UC), and the risk of UC-associated neoplasia increases as the extent and duration of the disease increase. Indeed, the incidence of colorectal cancer in patients with long-standing UC is higher than that of sporadic colorectal cancer (7). Therefore, a treatment that could prevent UC-associated neoplasia would be of great benefit by obviating the need for surveillance and, in some patients, the need for total colectomy for dysplasia or carcinoma (24) . NSAIDs inhibit COX activity and have previously been considered as promising agents for the prevention of colon tumors based upon both epidemiological and animal model data (1) (2) (3) (4) . COX-2 is progressively overexpressed during the stepwise sequence from adenoma to cancer, and it is well known that selective COX-2 inhibitors prevent recurrence of adenoma among patients with a history of familial adenomatous polyposis (25) . However, the role of selective COX-2 inhibitors in UC-associated neoplasia remains unexplored, because it has been widely believed that these agents may exacerbate UC inflammatory activity (24) . To investigate the influence of the selective COX-2 inhibitor nimesulide on the active and/or remission phases that mimic human UC, we previously developed a murine model of long-standing UC induced by simple repeated administration of DSS (active phase, 4 cycles of 5% DSS for 7 days and distilled water for 14 days; remission phase, following 120 days of distilled water) according to Cooper et al (10, 21, 26) , and mice were given nimesulide for various periods. Additionally, nimesulide exhibited a significant preventive effect on colorectal carcinogenesis when given during the remission phase via the induction of apoptosis with decreasing oxidative DNA damage (27) . However, administration of nimesulide during the active phase exacerbated colitis and did not suppress carcinogenesis (10, 27) .
In the present study, administration of R-etodolac did not suppress COX-2 protein or mRNA expression in a murine model of UC. These results are consistent with those of previous reports in which R-etodolac was described as lacking COX-inhibitory activity (13) . COX-2 overexpression is linked to changes involved in inactivation of E-cadherin and inhibition of apoptosis (28) . Even in the normalappearing mucosa in UC patients, diffuse COX-2 expression and high proliferative activity have been demonstrated (29) . Aust et al defined the expression patterns of ß-catenin and E-cadherin in UC-related colorectal cancers, and demonstrated that abnormal ß-catenin expression was more closely associated with E-cadherin alterations in UC-related cancers than in sporadic cancers (23) . In cancer cell lines, Noda et al confirmed the chemopreventive effect of a COX-2 inhibitor associated with up-regulation of E-cadherin (28). Kolluri et al investigated the effect of R-etodolac in a transgenic mouse prostate adenocarcinoma model, and demonstrated that Retodolac induced apoptosis selectively in tumor cells via reduction of retinoid X receptor protein levels (30) . In the present study, administration of R-etodolac markedly induced expression of E-cadherin and exhibited a preventive effect, which may be independent of COX-2 inhibition, on colitis-related mouse colon tumorigenesis. Taken together, we consider that R-etodolac could be useful in the prevention of UC-associated neoplasia without exacerbating colitis.
In conclusion, the present data demonstrate that treatment with R-etodolac was effective in diminishing tumorigenesis in an experimental murine model of UC. Although further studies are required to clarify the role of R-etodolac in mouse chronic colitis models, drugs like R-etodolac, which induce up-regulation of E-cadherin independent of COX-2 inhibitory effects, are attractive candidates as preventive agents for UCassociated neoplasia.
